INTRODUCTION
============

After the induction of general anesthesia and mechanical ventilation, the alveoli in the dependent lung regions may collapse.^[@R1],[@R2]^ During laparoscopic abdominal surgery, pulmonary ventilation is further impaired by the application of pneumoperitoneum.^[@R3]^ The recruitment maneuvers and positive end-expiratory pressure (PEEP) might lower the risk of atelectasis,^[@R4],[@R5]^ but high-level PEEP could also lead to overdistension in the nondependent areas. Current strategies to provide lung-protective ventilation rely on avoiding conditions that may cause lung injury, such as lung overdistension and the repeated opening and collapse of atelectasis. Based on the results of the Acute Respiratory Distress Syndrome Network (ARDSNet) trial,^[@R6]^ many anesthesiologists have gradually preferred to use low tidal volume (TV) ventilation intraoperatively. Further studies have demonstrated that mechanical ventilation, low TV ventilation combined with PEEP, might be beneficial not only in injured lungs but in healthy lungs as well.^[@R7],[@R8]^ Although PEEP is widely used in clinical practice, it remains under debate as to how to individually titrate the adequate PEEP level for patients undergoing laparoscopic abdominal surgery.

Electrical impedance tomography (EIT), a noninvasive, functional imaging technology, can identify atelectatic, overdistended, and adequately recruited lung in different lung regions.^[@R9]--[@R11]^ Various studies have shown that EIT-guided PEEP titration proved to be a valuable method of optimizing PEEP in animals and humans.^[@R12]--[@R14]^ Cyclic variations in pulmonary air and blood content are the major determinants for the impedance, which allows EIT estimation of not only ventilation but also perfusion. Borges et al^[@R15]^ showed that, in both healthy and injured lung conditions, the distribution of pulmonary blood flow as assessed by EIT agreed well with that obtained by computerized tomography. However, it remains unclear whether EIT-guided PEEP titration could improve ventilation and optimize the intraoperative global oxygenation for patients undergoing laparoscopic abdominal surgery in conditions of low fraction of inspiratory oxygen concentration (FiO~2~). The aim of this study was to assess the reliability of real-time EIT-derived parameters for intraoperative PEEP selection to provide adequate oxygenation while avoiding unnecessarily high FiO~2~.

METHODS
=======

Study Population
----------------

This is a prospective randomized controlled trial, which has been registered at "http://www.chictr.org/cn/" (ChiCTR-IPR-14005305). Ethical approval was obtained from the ethical committee of Changzheng Hospital, the Second Military Medical University, Shanghai, China. The study was carried out in the Department of Anesthesiology at Changzheng Hospital, the Second Military Medical University, from October 2014 to March 2015. The inclusion criterion was individuals who were aged 18 years or older and scheduled for laparoscopic abdominal surgery (rectum and colon, performed by the same surgeons) under general anesthesia. The exclusion criteria were as follows: individuals older than 80 years; with severe cardiac or pulmonary comorbidities or another disorder that might have compromised the safety of the trial procedure; with a body mass index higher than 40 kg/m^2^; the presence of pregnancy, tracheostomy, facial, neck, or chest wall abnormalities; a history of abdominal aortic aneurysm surgery, chemotherapy, or immunosuppressive therapy within 3 months; and individuals unwilling or unable to give informed consent.

Study Protocol
--------------

The patients were prospectively randomized into a control (C) group and an EIT (E) group (n = 25 each). Group assignment was concealed in a sealed envelope until the induction of anesthesia began. Briefly, the patients were ventilated with a volume-controlled mode. We set TVs at 6 mL/kg predicted body weight (PBW). The FiO~2~ was set at 0.30, to a target SpO~2~ of 95% or greater. We adjusted the respiratory rate to maintain the end-tidal partial pressure of carbon dioxide (ET~CO2~) between 35 and 45 mm Hg, with an I-to-E ratio of 1:2. The PEEP was increased in a 2-cm H~2~O stepwise manner, from 6 to 14 cm H~2~O, and was adjusted every 5 minutes. Periodic recruitment maneuvers, that is, sustained inflation of the lungs for 40 seconds to a peak inspiratory pressure (PIP) of 35 cm H~2~O,^[@R16]^ was done every 45 minutes. In the C group, "ideal" PEEP was selected based on the respiratory mechanics data, that is, when dynamic compliance reached the highest value, whereas in the E group, "ideal" PEEP was selected using the guidance of real-time EIT imaging, that is, when the dorsal regions (ROI3 and ROI4) reached the maximum and the ventral regions (ROI1 and ROI2) reached the minimum. Pneumoperitoneum was induced and maintained up to an intra-abdominal pressure (IAP) of 13 to 15 mm Hg.

Electrical Impedance Tomography Image Generation and Analysis
-------------------------------------------------------------

Sixteen equidistant electrodes were placed around the thorax (xiphoid process level), and a reference electrode was placed on the right thorax.^[@R17]^ We used this midthoracic level electrode placement strategy due to its good approximation of global lung behavior^[@R18]^ and due to its avoidance of imaging potential organ movements below the diaphragm.^[@R19]^ EIT images were acquired using the EIT monitor (PulmoVista 500, Draeger Medical, Germany). We used a software package (Draeger EIT Data Analysis Tool 6.1, Draeger, Germany) to quantitatively analyze the ventilation distributions. The lung region of interest (ROI) was then divided into 4 ROIs (ROI1, ROI2, ROI3, and ROI4; Figure [1](#F1){ref-type="fig"}) with equal height from ventral to dorsal.^[@R11]^
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Regional Tissue Oxygen Saturation
---------------------------------

Regional tissue oxygen saturation was measured using the EQUANOXTM Model 7600 Cerebral/Somatic Oximetry System (Nonin Medical Inc., Plymouth, MN). Two sensors were placed above the supraorbital margin and along the left and right sites on the patient foreheads. The regional oxygen saturation (rSO~2~) is calculated and displayed as oxygen-saturated hemoglobin as a percentage of total hemoglobin.

Data Acquisition
----------------

Hemodynamic variables \[heart rate (HR), mean arterial pressure (MAP), cardiac output index (CI), and stroke volume variation (SVV)\]; respiratory mechanics (plateau pressure \[PP\], PIP, and global respiratory system compliance); EIT images; and the analysis of the arterial, central venous blood, and regional cerebral oxygen saturation (SpO~2~, ScvO~2~, rSO~2~) were collected before the induction of anesthesia (T0), before the pneumoperitoneum/PEEP titration period (5 minutes after the induction of anesthesia and tracheal intubation, T1--T5), 5 minutes after the application of pneumoperitoneum (T6), 5 minutes after exsufflation of the pneumoperitoneum (T7), and 5 minutes after tracheal extubation (T8). Other data, such as the Qs/Qt and PaO~2~/FiO~2~, were calculated based on the raw data. PPCs within the first 5 days after surgery were recorded, and mainly included hypoxia (SpO~2~ \< 90%), atelectasis, pneumonia, suspected pulmonary infection, and the development of ARDS.

Data Analysis and Statistics
----------------------------

The data in the text and figures are presented as the mean ± SE. Statistical analysis was performed using GraphPad Prism version 6.0 (GraphPad Software, San Diego). The data were tested for normal distribution with the Kolmogorov--Smirnov normality test. The comparisons between 2 groups or different time points were performed with the multiple *t* test or 2-way analysis of variance (ANOVA). The statistical tests were 2-tailed, and a *P* value less than 0.05 was accepted as statistically significant. We calculated the Kaplan--Meier estimates of survival curves and censored data used for Kaplan--Meier estimates when patients did not have PPCs during the study period.

RESULTS
=======

The time points for data sampling are presented in Figure [2](#F2){ref-type="fig"}. In the course of PEEP titration (T1--T5), 4 patients could not maintain a target SpO~2~ (≥95%), 2 patients underwent hypotension (MAP \<50 mm Hg for more than 3 minutes requiring vasoactive drugs), and another 2 patients demonstrated a high peak pressure (\>40 cm H~2~O). Thus, we included 42 out of 50 patients (23 in the C group and 19 in the E group). Details of the patient characteristics are presented in Table [1](#T1){ref-type="table"}, and no significant difference existed between the 2 groups. The ARISCAT score (Risk for Postoperative Pulmonary Complications)^[@R20]^ was no higher than 44.

![Timeline. Data collection was made after each intervention.](medi-95-e3306-g002){#F2}

###### 

Baseline Characteristics of the Study Population
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Dynamic compliance had the highest value (42.67 ± 3.48 mL/cm H~2~O in the C group and 43.33 ± 4.26 mL/cm H~2~O in the E group) at 10 cm H~2~O PEEP (Figure [3](#F3){ref-type="fig"}A, T1--T5). We chose 10 cm H~2~O as the "ideal" PEEP for the C group. The dorsal regions (ROI3 and ROI4) reached the maximum (43.55 ± 2.67 for ROI3 and 16.3 ± 0.81 for ROI4) and the ventral regions (ROI1 and ROI2) reached the minimum (9.20 ± 0.73 for ROI1 and 30.95 ± 1.74 for ROI2) at the PEEP level of 8 cm H~2~O (Figure [3](#F3){ref-type="fig"}B, T1--T5), which we chose as the "ideal" PEEP for the E group. In the pneumoperitoneum period, a decrease in compliance occurred in both groups (Figure [3](#F3){ref-type="fig"}A; T3 vs T6: 42.67 ± 3.48 vs 26.67 ± 3.18 mL/cm H~2~O in the C group; *P* = 0.0005; T2 vs T6: 40.67 ± 3.53 vs 28.67 ± 3.84 mL/cm H~2~O in the E group; *P* = 0.004), and a higher ventral shift of ventilation was observed even with the "ideal" PEEP (Figure [3](#F3){ref-type="fig"}B; T6 vs T2: 48.93 ± 2.68 vs 40.15 ± 2.05 for the ventral parts; *P* = 0.04; T6 vs T2: 50.63 ± 2.73 vs 59.85 ± 2.05 for the dorsal parts; *P* = 0.035). The PaO~2~/FiO~2~ ratio had the higher value (362.22 ± 19.28  mm Hg in the C group and 366.67 ± 13.88 mm Hg in the E group) at 8 cm H~2~O PEEP accompanied with the lower Qs/Qt (7.63 ± 0.99 in the C group and 7.23 ± 0.94 in the E group; Figure [3](#F3){ref-type="fig"}C and D, T1--T5). After pneumoperitoneum, a decrease in PaO~2~/FiO~2~ (305.56 ± 4.01 mm Hg in the C group vs 330 ± 10 mm Hg in the E group; *P* = 0.09) and an increase in Qs/Qt (11.77 ± 1.28 in the C group vs 10.37 ± 1.19 in the E group; *P* = 0.47) occurred (Figure [3](#F3){ref-type="fig"}C and D, T6). No significant differences were found in the other mechanical ventilation respiratory mechanics (PP, PIP), hemodynamic (HR, MAP, CI, SVV), or oxygenation parameters (SpO~2~, ScvO~2~, rSO~2~) between the groups (Figure [3](#F3){ref-type="fig"}E and F and Figure [4](#F4){ref-type="fig"}, T0--T8).

![Respiratory and oxygenation parameters of the C group and the E group.](medi-95-e3306-g004){#F3}

![Hemodynamic and other physiological parameters of the C group and the E group.](medi-95-e3306-g005){#F4}

Postoperative pulmonary complications within the first 5 days after surgery were recorded in 2 of 23 (8.7%) patients in the C group versus 1 of 19 (5.3%) individuals in the E group (relative risk 1.27, 95% confidence interval \[CI\] 0.31--5.3, *P* = 0.75; Table [2](#T2){ref-type="table"}, Figure [5](#F5){ref-type="fig"}). Hypoxia and atelectasis were the only observed PPCs (Table [2](#T2){ref-type="table"}).

###### 

Postoperative Pulmonary Complications
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![Kaplan--Meier curve showing the probability of PPCs by postoperative day 5. PPCs = postoperative pulmonary complications.](medi-95-e3306-g007){#F5}

DISCUSSION
==========

The main findings of this study are as follows: EIT-guided mechanical ventilation resulted in better ventilation distribution and oxygenation in patients undergoing laparoscopic abdominal surgery; and a FiO~2~ of 0.3 was sufficient to maintain the intraoperative balance between oxygen supply and consumption.

After tracheal intubation and mechanical ventilation, a higher amount of ventilation in the ventral regions of the lungs was noticed, which would cause a mismatch between ventilation and perfusion. Several studies have been published in which EIT was used to assess mechanical ventilation in intubated patients.^[@R21]--[@R23]^ Bikker et al^[@R21]^ performed PEEP decrementation at 4 PEEP levels (15 to 10 to 5 to 0 cm H~2~O) in ICU patients. They found tidal impedance increased only in the nondependent parts in the patients without lung disorders after decreasing the PEEP from 15 to 10 cm H~2~O. Another study published by the same author demonstrated that the recruitment and excessive distension of alveoli in response to variable PEEPs could be observed in the higher position on the thorax.^[@R22]^ In our study, EIT electrodes were placed around the thorax at the level of the xiphoid process, due to its good approximation of global lung behavior^[@R18]^ and due to its avoidance of imaging potential organ movements below the diaphragm.^[@R19]^ EIT was also used to assess the modifying effects of a recruitment maneuver and PEEP on lung ventilation in patients undergoing general anesthesia for laparoscopy.^[@R23]^ A PEEP of 10 cm H~2~O proved sufficient for reversing the ventilation distribution changes resulting from general anesthesia, yet was too low to prevent the adverse effects of pneumoperitoneum.^[@R23]^ The concomitant application of PEEP and recruitment maneuvers are inseparable parts of a lung-protective mechanical ventilation strategy in patients undergoing abdominal surgery.^[@R24]^ Our data revealed that the recruitment maneuver accompanied with PEEP was able to prevent the ventral shift of ventilation in most laparoscopic surgical patients. Furthermore, the PEEP titration intervals were small (2 cm H~2~O), which was more accurate and might help identify slight changes. Previous studies have provided options for "ideal" PEEP scanning, such as global dynamic compliance^[@R25]^ and intratidal compliance--volume curves.^[@R26]^ Here, we employed the global dynamic compliance and regional EIT to guide intraoperative PEEP selection. In the course of PEEP titration, oxygenation in the PEEP-ventilated patients improved in some specific levels. A higher PaO~2~/FiO~2~ ratio could be observed at the PEEP level of 8 cm H~2~O, which should be associated with more well-distributed ventilation. In the pneumoperitoneum period, the PaO~2~/FiO~2~ ratio in the E group was better than that in the C group, although no significant difference was ascertained in both groups. It seemed that EIT was superior to compliance in scanning the "ideal" PEEP, even if the difference about this "ideal" value was slight (8 cm H~2~O PEEP for the E group vs 10 cm H~2~O PEEP for the C group). Our results showed that the 8-cm H~2~O PEEP could better improve ventilation (maximizing the recruitment of dependent lungs and minimizing the overdistension of nondependent lungs) and oxygenation (avoiding impairing PaO~2~/FiO~2~ and increasing the shunt upon the initiation of pneumoperitoneum) in patients undergoing laparoscopic surgery, without significantly interfering with other respiratory or hemodynamic parameters. However, pneumoperitoneum had a considerate influence on the change of ventilation distributions, and the 8 or 10-cm H~2~O PEEP was not sufficient to prevent a secondary ventral shift in all patients.

There have been conflicting findings regarding the role of high intraoperative FiO~2~ and perioperative outcomes,^[@R27],[@R28]^ mainly the potentially beneficial (decreases in the risk of surgical site infection/SSI or postoperative nausea and vomit/PONV) and harmful (increases in the risk of pulmonary complications, such as atelectasis, deterioration of gas exchange) effects on surgical patients. Arterial hyperoxia has also been shown to induce vasoconstriction and reduce cardiac output, which may impair blood flow to the at risk organs.^[@R29]--[@R31]^ In addition, hyperoxia facilitates a complex proinflammatory response and has been associated with cell injury by reactive oxygen species.^[@R32],[@R33]^ In this clinical trial, we set FiO~2~ as 0.3, which was adequate to maintain the intraoperative oxygen supply and consumption balance, with no signs of decreased SpO~2~, ScvO~2~, or rSO~2~. Meanwhile, no SSI, severe PONV, or other cardiovascular events were reported. A recent systemic review suggested that arterial hyperoxia was associated with poor hospital outcomes.^[@R34]^ Although the authors noted that these harmful effects depended on the degree of hyperoxia and were more prominent in certain subgroups, a high intraoperative FiO~2~ might be considered unnecessary and even disadvantageous. Additionally, it is necessary to realize that not only the lung mechanics but also the hemodynamic effect of PEEP may influence the outcome of oxygenation. Thus, we should always consider cardiorespiratory physiology to be the principal determinant for FiO~2~. Based on our results, a FiO~2~ of 0.3 was appropriated for most American Society of Anesthesiologists class I to II patients while avoiding the potential deleterious effects of both hyperoxia and hypoxia. More convincing data are needed to provide tailored oxygen targets for clinicians.

As we know, PPCs account for a substantial proportion of risks related to major abdominal surgery and intraoperative mechanical ventilation strategy, which may impair patient recovery and increase hospital costs.^[@R24]^ Generally, most patients can be considered for laparoscopic surgery if they could tolerate general anesthesia. However, caution must be observed in the choice of laparoscopic surgery because pneumoperitoneum may influence the pulmonary capacity or reserve for patients with severe pulmonary disease. Thus, we evaluated a sample of patients and found that they were not at high risk (the ARISCAT score no higher than 44). Still, we observed some PPCs, that is, hypoxia (SpO~2~ \< 90%) and atelectasis, within the first 5 days after surgery. The notable finding of the current study was a considerable decrease in the development of PPCs. This was most likely due to the strict patient selection, which excluded patients with many comorbidities and the intraoperative protective lung ventilation strategy. The low incidence of serious PPCs in both groups can be associated with rapid postoperative rehabilitation and decreased perioperative morbidity and mortality in patients undergoing laparoscopic abdominal surgery.

Our study has some methodological limitations, including the small sample size and short-term postoperative follow-up, which might not identify difference in the outcomes of both groups. Future studies should improve upon these methodological flaws. With the increasing availability of EIT to our surgical patients and its potential to improve outcomes (possibly in conjunction with intraoperative lung-protective ventilation strategies), large-sample, high-quality research is needed to evaluate the utility of real-time EIT in guiding PEEP titration after major laparoscopic abdominal surgery. This technique may offer anesthesiologists prospects for establishing a better, direct assessment of the patient--ventilator interaction and a more protective mechanical ventilation protocol.
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